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Porosity in catalyst particles is essential because it enables reac-
tants to reach the active sites and it enables products to leave
the catalyst. The engineering of composite-particle catalysts
through the tuning of pore-size distribution and connectivity is
hampered by the inability to visualize structure and porosity at
critical-length scales. Herein, it is shown that the combination of
phase-contrast X-ray microtomography and high-resolution pty-
chographic X-ray tomography allows the visualization and char-
acterization of the interparticle pores at micro- and nanometer-
length scales. Furthermore, individual components in preshaped
catalyst bodies used in fluid catalytic cracking, one of the most
used catalysts, could be visualized and identified. The distribu-
tion of pore sizes, as well as enclosed pores, which cannot be
probed by traditional methods, such as nitrogen physisorption
and isotherm analysis, were determined.

Fluid catalytic cracking (FCC) is the most important conversion
process in the refinery, upgrading the heavy fraction of oil into
gasoline and volatile olefins.[1] The catalyst bodies are spheres
made of various components with a diameter of approximately
100 microns. Reactants must diffuse into and through the pre-
shaped catalyst body to reach an active site. Because large mol-
ecules must react on the surface of the catalytic particles that
are encompassed in the preshaped catalyst bodies, these
bodies contain a large fraction of interparticle space. Thus, the
size and connectivity of the pores created by the interparticle
space and the relative orientation of the various components

within the preshaped particle play an important role in
catalysis.

The main FCC catalytic component is a steamed zeolite, H-
USY, and other components include alumina, silica–alumina,
and clays.[2] Zeolites are crystalline alumina silicates that contain
Brønsted acid sites.[2] Although this microporous material[3] is al-
ready widely used in the refinery, mesoporous materials are
also of interest for catalysis because mesopores in the FCC cata-
lyst improve the diffusion of large molecules into the catalyst
bodies, thus enhancing catalytic performance. Indeed, meso-
structured zeolites type Y with excellent hydrothermal stability
have been demonstrated, and the mesopores in individual zeo-
lite crystals have been visualized by electron tomography.[4, 5]

Nitrogen physisorption, often complemented by mercury
porosimetry, and isotherm analysis are the most generally ap-
plied characterization methods to study porosity in heteroge-
neous catalysts.[6–8] Adsorption of molecules of a particular size
provides direct insight into the accessibility of the interior of
crystals and the pore-size openings. Although these methods
are widely applied to probe large sample volumes, they yield
only averaged parameters, and the information of individual
particles is not accessible. On the other hand, electron micros-
copy (EM) enables detection and analysis of individual catalyst
particles. In the case of the FCC zeolite catalyst, electron to-
mography has provided insight into the pore structure within
the individual zeolite crystals.[9, 10] Such visualization of pore
size and connectivity stimulated the design of new and opti-
mized trimodal pore structures.[3] Recently, the morphology of
commercial spent equilibrium fluid catalytic-cracking catalyst
(ECAT) was characterized by X-ray tomography and the distri-
bution of zeolites Y in the catalyst particles was inferred from
X-ray fluorescence results.[11] Although the structural variation
between individual particles was previously observed,[12, 13] as
well as pore sizes of approximately 100 nm,[11] the distribution
of the different components and the interparticle porosity
within a single FCC catalyst body have not been quantified.

Herein, we employ state-of-the-art synchrotron X-ray imag-
ing techniques to analyze the size and connectivity of the 3 D
pore structure in individual FCC catalyst bodies, as well as the
padding of their components. We investigate an FCC compo-
site-catalyst body formed by 5 % La2O3-exchanged zeolite type
Y and metakaolin, which is a calcined kaolin clay consisting of
aluminum silicate. In FCC catalysts, the clay is a diluent used to
control the level of cracking activity and the rare-earth-ex-
changed zeolites are used to improve hydrothermal stability.
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This catalyst body was imaged by two X-ray imaging tech-
niques covering two length scales: propagation-based phase-
contrast microtomography[14–16] and ptychographic nanoto-
mography.[17–19] The former is a full-field imaging technique,
whereas the latter is a scanning coherent diffractive imaging
technique. In X-ray ptychography, coherent diffraction patterns
are generated by using a spatially confined illumination, which
is scanned across the sample such that there is sufficient over-
lap of adjacent spots illumination footprint. From these pat-
terns, the complex transmittance of the specimen is ob-
tained.[17, 20] The technique features high resolving power and
high sensitivity and, by combination with computed tomogra-
phy, provides quantitative 3 D density maps of the specimens
on the nanoscale.[17–19] In addition, scanning electron microsco-
py was performed, and some images are shown in Figure SI-
1 in the Supporting Information.

For the phase-contrast microtomography experiments,
a powder containing the spherical catalyst bodies was added
to a quartz capillary with a diameter of 500 mm. A volume of
844.8 � 844.8 � 712.8 mm3 was imaged with 1501 projections. Pa-
ganin’s phase retrieval approach[15] was applied prior to the to-
mographic reconstruction. The resulting 3 D images with voxel
size of 0.33 mm and spatial resolution of approximately 0.7 mm
allowed us to probe macropores larger than 700 nm in the
inner structure of the catalyst bodies. Figure 1 shows a 3 D view
of the tomogram of the sample. A cropped volume rendering

of the capillary with the catalyst bodies inside and some high-
lighted regions are shown in Figure 1 a. An axial slice of the to-
mogram and four selected particles are highlighted and magni-
fied in the insets of Figure 1 b. It was noticed that some pores
of a few microns in size are visible, but the smaller pores are
barely distinguishable owing to the limited spatial resolution. It
was also noticed that a thin shell close to the border of the par-
ticles contains fewer pores than the inner part.

To probe those small pores, we needed to obtain 3 D images
of the same samples with higher resolution. Thus, ptycho-
graphic X-ray nanotomography experiments were performed.
Unfortunately, the field of view is decreased, but the resolution
and sensitivity are enhanced. For this experiment, a pillar of
8 mm diameter was prepared from a spherical catalyst body of
the sample by focused ion-beam milling and was mounted on
the sample holder of the instrument as described else-
where.[21, 22] 450 ptychographic projections were acquired. Each
projection comprised a field of view of 13 � 11 mm2 (horizon-
tal � vertical) and was obtained from 419 diffraction patterns.
For the ptychographic reconstructions, we used the difference
map algorithm,[23] followed by numerical optimization.[24, 25]

From these projections, a 3 D volume was reconstructed by
using computed tomography, in which the phase contrast was
exploited to obtain high-resolution 3 D maps of electron densi-
ty.[18] The reconstructed 3 D images encompass a volume of
12 � 12 � 11 mm3, with a voxel size of 14.3 nm and a spatial res-
olution of 39 nm. Figure 2 a shows a vertical slice of the elec-
tron-density tomogram. Two material phases can be clearly dis-
tinguished: The 5 % La2O3-exchanged zeolite type Y and the
metakaolin clay. The upper and some lateral parts that appear
brighter on the images indicate redeposition of materials
during the focused ion-beam (FIB) milling of the sample and
are not relevant for our analysis. Some selected axial sections
for different vertical positions of the phase-contrast tomo-
grams are shown in Figure 2 b, as indicated by the colored
squares at the top-left corner of each slice corresponding to
the positions of the colored lines in Figure 2 a. From Figure 2 b,
we notice that the region close to the top is filled mostly by
the metakaolin clay with a few regions of zeolite agglomerates.
In addition, the metakaolin presents squared shapes, whereas
zeolites are round and porous, and the interparticle pores have
different and irregular shapes with sharp corners.

The mass density of each catalyst component was obtained
from the quantitative phase-contrast 3 D images obtained with
ptychographic X-ray nanotomography.[19] We estimated a mass
density of 2.3�0.1 g cm�3 for the metakaolin clay and 1.6�
0.1 g cm�3 for the 5 % La2O3-exchanged zeolite type Y. Because
the exact chemical composition of each of these components
is unknown, the ratio of molar mass and the number of elec-
trons of the material was approximated to 2 for the mass den-
sity estimate.[26–28] The 3 D rendering of all the components
identified in this sample is shown in Figure 2 c. For the sake of
perspicuity, this 3 D rendering was made out of a smaller cylin-
der of 6 mm radius extracted from the sample tomogram
during the image segmentation. This helps to visualize how
the components are located relative to each other and how
the pores are distributed between them. Each of these compo-

Figure 1. Phase-contrast X-ray microtomography results from the experi-
ment with the FCC catalyst body. a) 3 D rendering of the catalyst bodies
inside the capillary. Four selected regions of interest of approximately
91 � 91 � 91 mm3 each are marked with different colors and are shown mag-
nified (5 �) adjacent to the tomographic volume. b) One axial slice in the
middle (shown in (a) for reference) of the phase-contrast tomogram of the
sample. Insets show zoomed-in images (3 � magnification) of four selected
catalyst bodies.
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nents is shown separately in Figure 2 d–f, that is, the metakao-
lin clay (in blue), the zeolite (in red) and the pores (in light
blue). A movie is available in the Supporting Information. We
have also observed a few enclosed pores, in which the connec-
tivity of pores larger than the image resolution (39 nm) was
not noted. Some of them are displayed (in blue) in the two or-
thogonal slices in Figure 2 g and Figure 2 h.

Finally, the pore structure of this FCC catalyst body was as-
sessed. The pore-size distributions (PSD) obtained by mercury
porosimetry experiments and by image analysis of the X-ray
imaging results are shown in Figure 3 a. The former technique
probed pores from approximately 3 to 1 � 103 nm, whereas the
latter technique comprised two ranges. From the microtomog-
raphy images, the pore diameters probed ranged from approx-
imately 7 � 102 to 1 � 104 nm, which is a range that is approxi-
mately one order of magnitude higher than the mercury po-
rosimetry results. From the nanotomography data, the pore di-
ameters probed span a range of approximately 30 to 1.5 �

103 nm, which is in fairly good agreement with the range
probed by mercury porosimetry, although the PSD shapes
present some differences. These differences could be explained
through the anisotropy. Although shape is easily quantified in
the tomography data, it cannot be extracted from porosimetry
measurements for comparison. The overlap between the re-
sults from the two X-ray imaging techniques indicate that pty-
chographic tomography can probe small pores (macropores
between 50 and 1.5 � 103 nm and some mesopores between
39 and 50 nm) within the catalyst body structure, although the
volume probed is small compared to the whole catalyst body.
This can be complemented by microtomography, which can
probe macropores larger than 700 nm in a larger and more
representative volume. This covers a critical-length scale of
pore sizes that is crucial for evaluating the catalyst per-
formance. Notice in particular that the bottom values at the
PSDs are limited by the resolution of the X-ray images. The dis-

Figure 2. Ptychographic X-ray nanotomography results from the experiment
with the FCC catalyst body. a) Vertical section from the middle of the electron-
density tomogram. The 5 % La2O3-exchanged zeolite type Y and metakaolin
clay, identified based on their different electron density, are indicated. The ver-
tical-position axis can be correlated to the one in Figure 3 b. b) Some selected
axial sections of the phase-contrast tomogram. The colored squares at the
top-left corner correspond to the positions of the colored lines in (a). In (a)
and (b), the gray intensity of the images is given in units of electron density
(� 1023 electrons per cm3). c) 3 D rendering of the pores in light blue, the zeolite
type Y in blue, and the metakaolin clay in red. (d–f) The renderings as in (c),
but separated by component for better visualization of how the components
are located to each other. g, h) Two orthogonal sections from the middle of
the tomogram, some enclosed pores are shown in blue. Scale bars=1 mm.

Figure 3. Pore-size analysis of FCC Catalyst body. a) Pore-size distributions
(PSD) as a function of the pore diameter. The mercury PSD is shown in red.
The pore-size distributions extracted from the 3 D images obtained with X-
ray imaging techniques are displayed in blue for the phase-contrast microto-
mography and in green for the ptychographic nanotomography. b) The var-
iation of the mean value (solid line) and size-distribution range (bars) of the
pore diameter plotted against vertical position calculated for 25 evenly di-
vided bins of the tomogram from the bottom to the top. The vertical-posi-
tion axis can be correlated to the one in Figure 2 a. The mercury PSD is
shown in red for reference.

ChemCatChem 2015, 7, 413 – 416 www.chemcatchem.org � 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim415

Communications

http://www.chemcatchem.org


crete nature of the image data creates sharp peaks at the be-
ginning of each PSD corresponding to pores below the resolu-
tion limit as explained in the Supporting Information.

Beyond bulk porosity, the image analyses yield the 3 D struc-
ture of the interparticle pore space and the padding of the cat-
alyst components rather than only the pore-size distribution.
This 3 D structure can be used for further analysis and catalyst
optimization by dynamic flow simulations. For example, Fig-
ure 3 b shows the variation of the mean value and size-distri-
bution range of pore diameters for each cross-section of the
tomogram vertically from the bottom to the top. The vertical-
position scale can be correlated to the one in Figure 2 a. The
mercury PSD is included for reference. Instead of a single en-
semble distribution for the whole sample, it becomes apparent
where bottlenecks and wide-pore regions are. For instance,
such analysis reveals that the pore-size distribution at the top
of the sample is shifted toward smaller pores as compared to
the one at the bottom. We can also see that the zeolite and
the clay are separated by interparticle pores of tens of nano-
meters, which enables large feed molecules to easily diffuse
throughout the catalyst.

In summary, by combining X-ray imaging techniques that
probe different length scales of the sample, the 3 D structure
of FCC preshaped catalyst bodies could be visualized. This ena-
bled the visualization of padding of the different components
of the catalyst bodies, which were 5 % La2O3-exchanged zeolite
type Y and metakaolin clay. We could visualize how these two
components were separated by pores of tens of nanometers.
In addition, the pore-size distribution could be obtained by an-
alyzing the 3 D structure of the interparticle pores within the
catalyst body. The high resolution of 39 nm provided by pty-
chographic X-ray tomography allowed us to probe the pore di-
ameters in a similar range as that probed by mercury porosim-
etry. This will open a new route for future simulations of flow
dynamics through the sample, helping to better understand
the molecule cracking locally during the FCC catalysis.

Experimental Section

For microtomography experiments, the catalyst bodies were added
to a quartz capillary, and no further preparation was carried out.
For the ptychographic X-ray nanotomography experiments, the
sample was milled by using FIB to extract a cylinder of 8 mm diam-
eter out of one spherical catalyst body with diameter of about
100 mm. This cylinder was mounted on the sample holder of the in-
strument.[21, 22] Both X-ray imaging experiments were carried out at
the Swiss Light Source, Paul Scherrer Institut, Switzerland. X-ray mi-
crotomography was performed at the TOMCAT beamline and pty-
chographic X-ray tomography was carried out at the cSAXS beam-
line. The mercury PSD measurement was carried out on a Micro-
meritics Autopore IV 9520 unit. Further experimental details and
data processing are given in the Supporting Information.
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